Interfacial perpendicular magnetic anisotropy in CoFeB/MgO structure with various underlayers Interfacial perpendicular magnetic anisotropy(PMA) of the non-magnet(NM)/ferromagnet(FM)/oxide structure is of great interest since it can be used as a perpendicular magnetic electrode of magnetic random access memories with low critical current density of magnetization switching. 1, 2 Moreover, it has been recently observed in those structures that the domain wall moves along the current direction, opposite to conventional spin transfer torque, and whose velocity can be as fast as a few hundred meters per second. 3, 4 The direction and speed of the domain wall motion are found to be very sensitive to NM and/or FM materials and the interfaces between them. The origin of the phenomena can be understood by the combination of bulk spin Hall effect from NM materials and interfacial Rashba effect or Dzyaloshinskii-Moriya interaction.
The origin of PMA in NM/FM/oxide structures has not been clearly understood yet. Many reports claim that it solely originates from the FM/oxide interface, 2, 5 while others show that the underlying NM material is also critical to develop the PMA. [6] [7] [8] Manchon et al. 9 reported that the PMA of the Pt/Co/AlOx is very sensitive to the oxidation condition of FM/oxide interface. This is supported by theoretical work 10 that attributes the PMA of the NM/FM/oxide to the hybridization of 3d orbital of Co and 2p orbital of O. They also demonstrated the enhancement of the PMA by annealing and explained it by the increased amount of Co-O bonding at the interface. 11 On the other hand, Ahn and Beach 12 reported a study on the effect of Co x Fe 1Àx alloy composition in Ta/CoFe/MgO structures on the PMA, in which they observed no PMA in Ta/Co/MgO and Ta/Fe/MgO samples but clear PMA only in samples with intermediate composition of Co. This indeed showed that the PMA is not only dependent on the FM-O bonding at FM/oxide interface but also on microstructure of the system that could be influenced by underlayer materials. Liu et al. 7 demonstrated the importance of underlayer by showing the enhancement of PMA in CoFeB/MgO systems by replacing Ta underlayer with Hf. As aforementioned, interfacial PMA in NM/FM/oxide structures depends not only on oxidation condition or FM-O bonding at FM/oxide interfaces but also on NM underlayers and/or FMs; thus, in order to elucidate the origin of the PMA in the trilayer structures, systematic study with different FM and NM materials is required. In this work, we study the effect of the underlayer materials in CoFeB/MgO structure on interfacial PMA and their behavior at different annealing temperatures. The as-deposited samples with Pt and Pd underlayers show no PMA, however, they exhibit gradual enhancement of PMA with increasing annealing temperature. On the contrary, those with Ta and Hf show gradual decay of PMA for higher annealing temperature. We have tried to understand the effect of underlayer materials on the PMA by the different saturation magnetization of CoFeB depending on underlayers and alloy formation at the interfaces.
The samples of NM(3)/Co 32 Fe 48 B 20 (t)/MgO(1.6)/Ta(1) structures were deposited by magnetron sputtering on a thermally oxidized Si substrate, where NM is Pt, Ta, Hf, and Pd. The number in parentheses is a nominal thickness of each layer in nm, while the CoFeB thickness is corrected by subtracting so called magnetic dead layer of 0.4 nm which is obtained from magnetization vs CoFeB thickness curves (not shown here). The MgO layer was grown by RF sputtering of 150 W power at the pressure of 10 mTorr and other metallic layers were deposited by DC sputtering at 3 mTorr. In order to examine the temperature dependence, the films were annealed up to 400 C for 30 min under vacuum condition of 3 Â 10 À6 Torr. Magnetic properties were measured using vibrating sample magnetometer (VSM) and MOKE effect at room temperature. For comparison, Ta or Pt/Co/MgO structure was also studied. of CoFeB is 0.8 nm. All samples have the same CoFeB/MgO interface; however, the magnetic anisotropy is divided into two groups depending on the underlayer. Samples with Pt and Pd underlayers show in-plane magnetic anisotropy, while those with Hf and Ta present clear PMA. This demonstrates that underlayer materials play an important role in the magnetic anisotropy of CoFeB/MgO structures. Usually, thin Ta or Hf underlayer grown by sputtering has amorphous or nanocrystalline structure, thus no preferred crystallographic orientation is expected, while Pt or Pd develops texture of (111) orientation. This may affect the crystal structure of CoFeB/MgO films grown on top of the underlayers, such that the CoFeB on Pt or Pd has better crystallinity than that on Hf or Ta. This is supported by the fact that the CoFeB on Pt has a larger saturation magnetization ($1200 emu/cc) than that on Ta ($720 emu/cc). However, it is not clearly understood whether the huge discrepancy of the saturation magnetization (Ms) depending on the underlayers is entirely originated from the crystal structures. Nevertheless, as the larger Ms gives rise to stronger demagnetization field that stabilizes in-plane anisotropy, PMA originated from CoFeB/MgO interface is not sufficient to overcome the demagnetization field for samples with Pt or Pd. On the other hand, for Ta or Hf samples with smaller Ms, interfacial PMA from CoFeB/MgO could dominate over the demagnetization field, resulting in strong PMA. Another scenario is that the different PMA of CoFeB/MgO with various underlayers is due to their dissimilar electronegativity. Ta and Hf located at the left side of the periodic table have relative low electronegativity of 1.5 and 1.3, respectively, while Pt or Pd has larger electronegativity of 2.2. The different electronegativity of the adjacent materials may change the band filling of 3d orbital of ferromagnetic layer, which could influence the amount of the Co (or Fe)-O bonding. As a result, magnetic anisotropy might be affected by the selection of underlayer materials.
To better understand the PMA of CoFeB/MgO with various underlayers, we have annealed samples at temperature of 250, 300, and 400 C. Figure 2 (a) shows perpendicular M-H curves as a function of annealing temperatures, which varies depending on the underlayers. The samples with Pt and Pd exhibit gradual enhancement of PMA with annealing temperature and complete out-of-plane anisotropy after 400 C annealing. The temperature where the PMA is fully developed depends on the CoFeB layer thickness (not shown here). The thinner CoFeB the sample has, the lower annealing temperature is required to have PMA. On the other hand, samples with Ta or Hf show the degradation of PMA as the annealing temperature is increased up to 400 C. Annealing at a moderate temperature can rearrange the elements at the interfaces, resulting in removal of disorders which might be generated during the sputtering growth. One of the typical examples is the enhancement of tunnel magnetoresistance (TMR) ratio of the magnetic tunnel junctions by annealing, which is ascribed to the formation of sharp FM/oxide interfaces. However, annealing at a higher temperature normally degrades the quality of thin films due to intermixing between neighboring elements or unwanted diffusion of certain elements. By assuming a similar intermixing at a high annealing temperature, we can explain the enhancement (degradation) of PMA of the samples with Pt or Pd (Ta or Hf). The intermixing of Co(or Fe) with Pt or Pd forms CoPt or CoPd alloy which is well-known to have PMA. The formation of those alloys at the bottom interface may add to the PMA from CoFeB/MgO top interface, which consequently becomes strong enough to overtake in-plane anisotropy. On the contrary, alloying Co(or Fe) with Ta or Hf does not have PMA so that it reduces the overall PMA in the samples. This results in the gradual degradation of PMA in Ta or Hf samples with annealing temperature.
We have also fabricated Co/MgO samples with Pt and Ta underlayers for comparison. Figure 2(b) shows the effect of annealing on the perpendicular M-H curves of the samples. In the Co/MgO case, the PMA is only observed with Pt underlayer and is persisted for annealing temperature up to 400 C, but no PMA is observed with Ta underlayer independent of annealing temperature. This result indicates that interfacial PMA of Co/MgO is not sufficient to overcome in-plane anisotropy from demagnetization field and only PMA appears when other contribution to the PMA coexists such as Pt/Co bottom interface in the Pt/Co/MgO sample. This is consistent with the result that the PMA is critically dependent on the Co concentration in Ta/CoFe/MgO samples. 12 In order to study the interfacial contribution to the PMA in CoFeB/MgO films, the in-plane and out of plane M-H curves are measured as a function of FM thickness. Figure  3 (a) shows annealed samples with Pt (top) and as-deposited ones with Ta (bottom). For both underlayers of Pt and Ta, samples show PMA with lower thicknesses and become inplane anisotropy with increasing CoFeB thickness. To extract the interfacial contribution, total effective anisotropy energy (K eff ) is examined as a function of FM thickness. The magnetic anisotropy energy is expressed by
where K V and K i are volume anisotropy and interfacial anisotropy, respectively. From the graph of the K eff t CoFeB vs t CoFeB shown in Figure 3(b) , the volume and interfacial anisotropy are extracted. As the volume anisotropy is negligible, the slope of K eff t CoFeB vs t CoFeB represents À2pM s 2 , while the y-intercept indicates interfacial anisotropy (K i ). The slope (or M s ) increases around 10% by annealing which is due to rearrangement of elements at the samples. This could be one of the reasons for the PMA degradation of the Ta sample, since annealing does not significantly change its K i ($0.4 erg/cm 2 ) which mainly originated from CoFeB/MgO interface. On the contrary, the K i of Pt samples is observed to be enlarged from 0.32 erg/cm 2 to 0.77 erg/cm 2 by annealing. This implies that the enhancement of the PMA for Pt samples by annealing is due to the additional PMA contribution of the bottom Pt/CoFeB interface with Co(or Fe) Pt alloy formation.
In summary, we have demonstrated that the PMA of CoFeB/MgO structures is critically dependent on the underlayer materials. The CoFeB grown on Ta or Hf has lower saturation magnetization than that on Pt or Pd, which results in PMA due to the domination of interfacial contribution of CoFeB/MgO over bulk demagnetization field. The samples with Pt or Pd underlayer show PMA only after annealing which can be explained by the formation of Co(or Fe) Pt (or Pd) alloy that enhances the perpendicular anisotropy.
